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The term "biomass" refers to vegetable and animal substances that do not have a fossil origin and can be used as fuel in a power plant for the production of electrical energy. Biomass derived from living or recently living biological organisms can be considered to be a particular kind of renewable energy source, because the carbon dioxide released into the atmosphere by their use is compensated for by the amount of carbon absorbed during their life. In the case of such biomass, the most important pollutants linked to biomass utilization are related to transport, manufacture, and transformation processes. Municipal solid waste (MSW) is one such type of biomass and is suitable for use in power plants. It presents some advantages such as the reduction of pollutants and greenhouse gas emissions and the possibility of reducing storage in landfills, as a result of which these spaces can be devoted to other human activities.
It is also important to point out that this kind of renewable energy has a significantly low availability, which also characterizes the other types of renewable energy sources such as wind and solar energy. As suggested by Morris and Waldheim [3] , a well-designed waste management system should prevent waste generation, recycle waste materials, reduce landfill disposal to a minimum, incinerate with energy recovery at efficiencies comparable to alternative technologies, must utilize sophisticated exhaust gas cleaning equipment, and must incorporate gasification processes.
In a gasification process, the waste is subjected to chemical treatments through air or steam utilization. Synthesis gas, also known as "syngas", which is principally composed of H2 and CO, is produced as a result of the gasification process. Traces of H2S and other contaminants may also be present and can be separated in a desulfurization reactor and/or a fuel conditioning system. The gasification process is usually performed in a fluidized bed gasifier under atmospheric pressure, coupled with a tar-cracking vessel. The produced gas is then cleaned and the syngas can be used as a fuel in various kinds of power plants such as gas turbine cycles, steam cycles, combined cycles, internal and external combustion engines, and SOFCs.
SOFCs are one of the most promising type of fuel cells, particularly in terms of energy production. They are expected to produce clean electrical energy at high conversion rates with low noise and low pollutant emissions [4] . SOFC stacks may soon enter the commercialization phase. In addition, small Stirling engines are also approaching the commercialization phase. Therefore, it would be interesting to integrate these two technologies into a single system that would combine the benefits of each system, thereby establishing a new technology. By integrating this combined system with a gasification plant that gasifies MSWs, electricity and heat energy could then be produced in an environmentally friendly manner.
To date, studies on the use of syngas generated from coal and biomass gasification as a feed for SOFCs have been carried out [5, 6] . The use of synthetic wood gas for operating SOFCs has also been experimentally studied [7] and it has been shown that wood gas obtained from air gasification always provides a stable performance, whereas the performance results for the wood gas obtained from steam gasification are inconclusive.
The exhaust temperatures of SOFCs are high owing to the high operating temperature of the cells. Additionally, since the fuel utilization in the fuel cell is less than 100 percent, the unreacted fuel needs to be combusted in a burner. The combustion process, in turn produces even hotter off-gases that are perfectly suited for use in heat engines such as a Stirling engine, for the production of power and heat for domestic purposes.
Numerous studies in the literature have investigated SOFC-based power systems and have reported high thermal efficiencies. However, the majority of these studies use gas turbines as the bottoming cycle [8, 9, 10] . In addition, steam turbines have also been used as bottoming cycles [11, 12] , resulting in high plant efficiencies without pressurizing the fuel cells. Only a few studies have been carried out with a Stirling engine as the bottoming cycle and a fuel cell cycle as the topping cycle [1, 2] . At present, using the Brayton and Rankine cycles as bottoming cycles appears to be the most practical method, owing to the maturity of these technologies. The development trends in the field of SOFCs suggest that the operating temperature of the SOFCs will decrease in the future. As a result, using a gas turbine as the bottoming cycle will become less beneficial over time.
Introducing a heat engine (such as a Stirling engine) as the bottoming cycle for SOFCs instead of gas turbines and steam cycles has several advantages. Such a hybrid cycle is significantly less complex and heat production can match the high electrical powers obtained (high heat-power ratio). In addition, small-scale combined heat and power (CHP) plants suitable for hotels, hospitals, and shopping centers can be built at much lower plant costs.
Integrated gasification SOFC systems have also been previously studied [13, 14, 15] . Coal gasification with a complex syngas fuel conditioning system has also been integrated with SOFCs and studied widely in the literature [16, 17] . However, there has been a void in research in the area of integrated MSW gasification-SOFC-Stirling CHP plants in the literature, which form the basis for this study.
The present work is a thermodynamic investigation of integrated systems consisting of an MSW gasification plant, SOFCs, and a Stirling engine. The syngas produced from the gasification unit is used as the fuel for the SOFC plant that also functions as a topping cycle for a Stirling engine, which uses the heat from the off-gases released from the topping cycle. The net capacity of the system is 120 kW, which is suitable for use in decentralized CPH plants. The gasifier type used in this study is adopted from the two-stage autothermal (air-blown) fixed-bed gasifier built at DTU (Technical University of Denmark)-Risø. More information on the gasifier plant can be found in previous publications [18, 19, 20] . The SOFC is based on a theoretical model with empirical coefficients determined from experimental data. The Stirling engine's parameters are chosen by fitting these parameters to a validated feasible engine.
No investigations on MSW gasification plants integrated with SOFCs and a Stirling engine are available in the open literature. Therefore, the current investigation is completely novel and is expected to help in generating new ideas for designing new energy system configurations for future applications. It should also be noted that the system presented here is studied thermodynamically and that the objective of this study is not to present or discuss the associated costs. The performances of the various plants are compared in terms of efficiency, fuel consumption, and other related parameters. In summary, the primary goal of this study is to use MSW to generate electricity and heat through gasification, SOFCs, and a Stirling engine.
Plant Design and Modeling
The principal components of the plant are the gasification unit, the SOFC unit, and the Stirling engine. The gasification plant converts the MSW into syngas, which is a mixture of H2, N2, CO, CO2, H2O, CH4, and Ar. The syngas produced is subsequently cleaned to remove traces of undesired particle contaminants that could potentially poison the SOFC. The clean syngas is sent to the SOFC plant to produce electricity. The SOFC stacks are unable to consume all the fuel and the unconsumed fuel is sent to the burner to complete the combustion. The combusted gases after processing through the burner are sent to a Stirling engine (which acts as the bottoming cycle) for further electricity production. Both the engine cooling circuit and the heat released through the released gases can be used for space heating and domestic hot water (DHW) production ( Fig. 1) .
Apart from the fuel, the other inputs to the plant are the air feeding the gasifier and the cathode side of the SOFC stacks. In order to introduce these air feeds, auxiliary energy such as compressors is necessary. In addition, auxiliary energy is also required to blow the syngas out of the gasification plant. The efficiency of the plant can be expressed as a ratio of the net electric power to the fuel power (equation 1), where the net electric power refers to the difference between the total produced power and the power used in the auxiliary components such as compressors, blowers, control systems, etc. 
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Modeling of the Gasifier
The gasification plant used in this study is based on the model developed in a previous report [15] . The model is briefly described here for clarity. A simple Gibbs reactor, where the total Gibbs free energy is minimized upon reaching chemical equilibrium, is implemented to calculate the gas composition at a specified temperature and pressure without considering the reaction pathways [21] . The Gibbs free energy of a gas (which is assumed to be a mixture of k perfect gases) is given by equation 2.
where g 0 , R, and T are the specific Gibbs free energy, universal gas constant, and gas temperature respectively. Each element in the inlet gas is in balance with the outlet gas composition, implying that the flow of each constituent has to be conserved. For N elements, this balance is expressed by equation 3 [15] . 
The N elements correspond to H2, O2, N2, CO, NO, CO2, steam, NH3, H2S, SO2, CH4, C, NO2, HCN (hydrogen cyanide), COS (carbonyl sulfide), Ar, and ashes (SiO2) in the gasification process. Amj is the number of atoms of element j (H, C, O, and N) in each molecule of the entering compound i (H2, CH4, CO, CO2, H2O, O2, N2, and Ar), whereas Aij is the number of atoms of element j in each molecule of the leaving compound m (H2, O2, N2, CO, NO, CO2, steam, NH3, H2S, SO2, CH4, C, NO2, HCN, COS, Ar, and ashes). The minimization of the Gibbs free energy can be mathematically formulated by introducing a Lagrange multiplier () for each of the N constraints. After adding the constraints, the expression to be minimized is given by
By setting the partial derivative of this equation with respect to out i n ,  to zero, the function ϕ can be minimized as
Thus, a set of k equations are defined for each chemical compound leaving the system. Finally, it is realizable that by assuming chemical equilibrium in the gasifier, the methane content in the product gas can be underestimated. Therefore, a parameter called METHANE is applied to allow some of the methane to bypass the gasifier without undergoing any chemical reactions. The value of this parameter is assumed to be 0.01, meaning that 1% of the methane bypassed the gasifier. It may be noted that other values can be selected. Owing to the lack of experimental data, further investigations on the choice of this value were not conducted.
The basic MSW composition and the properties used in this study are shown in Table 1 , which are based on a previously published study [22] . This MSW composition should be assumed, unless other values are specified. It may be noted that the compositions are expressed on a dry basis (i.e., weight fraction without moisture content). The MSW composition is then changed as discussed below. 
Modeling of SOFCs
The SOFC model proposed in a previous study [15] is adopted in this investigation and has been validated with experimental data on planar SOFCs. In the development of such models, one must distinguish between electrochemical modeling, the calculation of cell irreversibility (cell voltage efficiency), and the species compositions at the outlet. For electrochemical modeling, the operational voltage (Ecell) was represented by equation 6.
where ENernst, Eact, Eohm, and Econc are the Nernst ideal reversible voltage, activation polarization, ohmic polarization, and concentration polarization, respectively. Assuming that only H2 is electrochemically converted, the Nernst equation can be written as shown in equations 7 and 8.
where gf 0 is the Gibbs free energy (for H2 reaction) at standard temperature and pressure. The water-gas shift reaction is very fast and therefore the assumption that H2 is the only species to be electrochemically converted is justified [23, 24] . In the above equations, pH2 and pH2O are the partial pressures for H2 and H2O, respectively. It should be noted that the steam reforming and the associated water gas shift reactions are efficiently modeled in the calculations. The activation polarization can be evaluated using the Butler-Volmer equation [25] . The activation polarization term is isolated from the other polarization terms, to determine the charge transfer coefficients and the exchange current density from the experiments by the curve fitting technique. The activation polarization is expressed by equation 9.
where R, T, F, and id are the universal gas constant, operating temperature, Faraday constant, and current density, respectively. The ohmic polarization [26] depends on the electrical conductivity of the electrodes as well as the ionic conductivity of the electrolyte. This is also validated with experimental data for a cell with a specified anode thickness (tan), electrolyte thickness (tel), and cathode thickness (tca). The ohmic polarization is given as follows. 
where tan = 600 m, tel = 50 m, and tca =10 m. an, el, and ca are the conductivities of the anode, electrolyte, and cathode, respectively, and may be expressed as follows. 5 10 
The concentration polarization is dominant at high current densities for anode-supported SOFCs, wherein insufficient amounts of reactants are transported to the electrodes and consequently, the voltage is reduced significantly. As in the previous case, the concentration polarization was validated with experimental data by introducing the anode limiting current, [27] , in which the anode porosity and tortuosity were considered among other parameters. The concentration polarization is modeled as shown in equation 13 .
where B is the diffusion coefficient, which is determined using a calibration technique as
Tref is the reference temperature (1023 K), and the anode limiting current is defined as
where Van and an are the porosity (30%) and tortuosity (2.5 m) of the anode, respectively.
The binary diffusion coefficient is given by
which is also calibrated against the experimental data. pref is the reference pressure (1.013 bar), and XH2 is the mass reaction rate of H2. Lastly, the current density id is directly proportional to the amount of reacting H2 according to Faraday's law (equation 17).
where 2 H n  is the molar reaction rate of H2. The area A is a physical property of the cell and was 144 cm 2 in this study.
The SOFC model in this study aims at representing the performance of the second generation SOFC stacks developed by Topsoe Fuel Cell A/S (TOFC) and the Fuel Cells and Solid State Chemistry Division at Risø -DTU (Technical University of Denmark). This SOFC type is anode supported, with a Ni/YSZ 1 anode, a YSZ electrolyte, and an LSM 2 /YSZ cathode [28] .
The fuel composition at the anode outlet is calculated using the Gibbs minimization method [21] . Equilibrium at the anode outlet temperature and pressure is assumed for H2, CO, CO2, H2O, CH4, and N2. Thus, the Gibbs minimization method calculates the compositions of these species at the outlet by minimizing their Gibbs energy. The equilibrium assumption is reasonable, since the methane content in this study is very low.
In order to calculate the voltage efficiency of the SOFC cells, the power production from the SOFCs (PSOFC), which depends on the amount of chemical energy fed to the anode, the reversible efficiency (rev), the voltage efficiency (v), and the fuel utilization factor (UF) is evaluated. It is defined in the mathematical form in equation 18.
where UF is a constant and v is defined as follows. 1 Yttria-stabilized zirconia. 2 Lanthanum strontium manganite.
Note that the utilization factor in SOFCs can be defined as the amount of O2 consumed, because O2 ions are the carriers. The reversible efficiency is the maximum possible efficiency, which is defined as the relationship between the maximum electrical energy available (change in Gibbs free energy) and the LHV (lower heating value) of the fuels, as shown below [29] .
where g  is the average Gibbs free energy from the inlet to the outlet and y is the mole fraction. The partial pressures are assumed to be the average pressures between the inlet and the outlet.
A comparison between the SOFC model developed here and the experimental data is shown in Fig. 2 , in terms of current density and cell voltage (IV curve). As seen from the figure, the model captures the experimental data very well at four different cell operating temperatures from 650C to 800C, with a standard error of less than 0.01. Different H2 and water vapor concentrations were used when developing the model. However, only the data for 97% H2 with 3% water vapor is shown in Fig. 2 .
Figure 2. Cell voltage versus current density and a comparison between the modeling results
and experimental data with 97% H2 and 3% water vapor.
Additionally, equations for conservation of mass (with molar flows), conservation of energy, and conservation of momentum were also included in the model. Table 2 displays the main parameters for the SOFC stacks used in this study. 
Modeling of Stirling Engine
The Stirling engine model used in this study is adopted from a previously developed model [2] , which is a pseudo Stirling cycle, and closely approximates the performance of an actual engine developed by xxx [30] . A brief explanation of how the model is implemented in the inhouse program is provided herein.
The main difference between the pseudo Stirling cycle and the ideal Stirling cycle is the assumption of isentropic compression and expansion in the former versus isothermal compression and expansion in the latter. It is thought that isentropic compression and expansion provide a more realistic view of the cycle performance because by incorporating these processes, the losses encountered in the Stirling engine are accounted for. In the model, the engine is divided into three parts, namely the heater, engine, and a cooler.
The most important parameters of a Stirling engine are the temperature ratio, the compression ratio, the regenerator effectiveness, and the heater effectiveness. Engine power can be determined from engine efficiency and the difference in temperature between the heat source and the heat sink. The heat can be added and removed from the engine using two different heat exchangers for effectiveness. The total loss from the Stirling engine has contributions from various loss mechanisms, including mechanical and thermal processes. Therefore, a "loss factor" is incorporated, which accounts for all the mechanisms of losses in the engine, including mechanical and thermal losses.
The highest temperature of the working fluid (helium) is lower than the heater wall temperature, and the lowest temperature of the working fluid is a weighted temperature, which is an average between the inlet and outlet temperatures. Therefore, the terms Theater and Tcooler referring to the temperature difference over the heater and the cooler, respectively, are introduced. The main parameters for the Stirling engine used in this study are shown in Table 3 .    (23) However, other minor reactions may also occur depending on the fuel used. To model the methanator, a simple Gibbs reactor is implemented [15, 21] , i.e., the total Gibbs free energy is minimized when chemical equilibrium is achieved. For the methanator, H2, CO, CO2, steam, CH4, N2, NO, H2S, SO2, NO2, HCN, COS, N2O, NO3, SO3, and Ar are considered to be the species at the outlet.
In a catalytic gas burner, the unused fuel is reformed via a highly exothermic process. Furthermore, for all the reforming processes for any component, the Gibbs free energy is minimized to achieve chemical equilibrium.
Modeling of Other Components
Modeling of other components such as heat exchangers, pumps, etc. are adopted from the study of xxx [2] , where the reliability of the components modeling was justified by building a benchmark system consisting of an SOFC, methanator, heat exchanger, etc. and fed with various fuels such as natural gas, ethanol, methanol, and dimethyl ether (DME). The results obtained agreed well with the corresponding data reported by other researchers in the open literature, for all the cases studied.
Methodology
The thermodynamic results in this study were obtained using the Dynamic Network Analysis (DNA) simulation tool [31] . The software is a result of an ongoing project undertaken by the thermal energy section of the Mechanical Department of the Technical University of Denmark, which began with a Master's thesis project [32] . Since then, the program has continuously been developed to adapt it for different energy systems. The program includes a component library, thermodynamic state models for fluids, and standard numerical solvers for differential and algebraic equation systems. The available models in the component library include those for heat exchangers, burners, dryers, turbo machinery, decanters, energy storage systems, valves, and controllers, among others. The thermodynamic state models for fluids cover the most basic fluids and compounds, such as ash and tar, which are used in energy system analyses. The calculation procedure is shown in Fig. 3 .
DNA is a component-based simulation tool, meaning that the model is formulated by connecting the components together with nodes and adding operating conditions to create a system. The equations for mass and energy conservation for all the components and nodes are included along with the relations for the thermodynamic properties of the fluids. The total mass balance and energy balance for the entire system is also included, to account for heat loss and heat exchange between different components. In addition, the models for each component include a number of constitutive equations representing their physical properties (e.g., heat transfer coefficients for heat exchangers and isentropic efficiencies for compressors and turbines). The program is written in FORTRAN, and users may also add additional components and thermodynamic state models to the libraries. 
Plant Configurations
The small-scale CHP system investigated in this study, consisting of an integrated MSW gasification plant with an SOFC system functioning as a topping cycle, and a Stirling engine with DHW heaters constituting the bottoming cycle, is shown in Fig. 4 . An MSW gasification unit integrated with an SOFC-Stirling system with a high heat-power ratio in such a small-scale has not been investigated previously. MSW is fed into a gasifier for the production of syngas via a two-step process. The first step involves the pyrolysis of the feedstock, whereas the second step utilizes a fixed bed gasifier, where the pyrolyzed feedstock is gasified by steam and air, which act as gasification agents. A hot gas cleaner system (fuel conditioning system) is introduced, to remove the remaining contaminants present in the syngas. The syngas temperature is well over 400C and the partial pressure of steam is above 2, which enables simpler designing of the gas cleaning system. Owing to stringent environmental regulations in many industrial countries, the syngas cleaning systems are getting simpler than the exhaust cleaning system after combustion [3] . Since the plant size is rather small, silicon carbide filters and/or electromagnetic filters would likely be sufficient for syngas purification. However, if the plant size is increased, then the fuel conditioning system may also contain cyclones and/or scrubbers prior to silicon-based filters (or electromagnetic filters). It is also worth noting that practical engineering may be more complicated than thermodynamic analyses.
For the SOFC topping cycle, the ambient air at 15°C is compressed to the working pressure of the SOFC (normal pressure) and then heated in the cathode air preheater (CP) to 600°C, before being introduced into the cathode side of the SOFC stack. The CP uses some of the SOFC off-air to heat the incoming air. The off-air is split into two streams, one entering the CP and the other entering the catalytic burner. On the anode side, the cleaned syngas is first pumped to compensate for the pressure drop along its way. It is then preheated to about 650°C using the offfuel out of the fuel cell, prior to being introduced on the anode side of the SOFC. The operating temperature of the fuel cell is assumed to be 780°C, which is also used to preheat the incoming syngas. The burner is required because all of the fuel does not react in the fuel cell stacks, owing to incomplete fuel utilization. The entry temperatures mentioned above are the minimum entry temperatures and are an essential requirement for the proper functioning of SOFC stacks, not only to initiate the chemical reactions, but also to avoid cell thermal fractures. For the bottoming cycle, a Stirling engine is implemented. The Stirling engine utilizes the combustion products leaving the burner as the heat source. Water, which is used as the heat sink, enters at 20°C and exits at 60°C, making it appropriate for both DHW and space heating applications. In particular, the temperature of water is sufficient to address problems arising from bacteria such as Legionella. The heat remaining after the Stirling engine is used for DHW production. Water is constrained in the same manner as the heat sink, and the combustion products leave the system into the environment at approximately 95°C, which is high enough to avoid corrosion issues. Other system operating parameters are mentioned in Table 4 . Finally, it should be mentioned that practical systems require additional components such as valves, splitters, and control systems, which would slightly affect the plant thermodynamics. Such devices are not included in the plant configuration presented here.
In another configuration, a methanator is used after the fuel pump (Fig. 5) . A methanator is a small catalytic device that increases the methane fraction in the syngas. Thus, the syngas is reformed exothermically in the methanator, wherein the mole fraction of methane in the gas is increased five-fold, from approximately 0.01 to nearly 0.05. This increase in the methane content of the gas is a result of the reaction between H2 and CO. Introducing the methanator will slightly decrease the electric power production from the SOFC stacks. However, since the reformation is highly exothermic, less heat will need to be extracted from the SOFC off-fuel to heat the fuel incoming to the fuel cell. This will eventually provide the Stirling engine with a larger amount of heat, because the fuel will be at a higher temperature when entering the burner and the combustion processes will therefore occur at a higher temperature. Secondly, the use of a gas containing a larger methane content in the SOFC causes endothermic internal reforming, which reduces the amount of air used for cooling purposes and for maintaining the SOFC operating temperature at 780°C. Thus, the workload of the cathode compressor will eventually decrease. It is worth mentioning that the temperature of the syngas is above 410C with a steam partial pressure of over 2. As a result, carbon formation is negligible. On the other hand, the change in CO is very small from 0.35% to 0.31% (mole fraction), whereas the methane content is only increased from 0.013% to 0.046%. Thus, the problem of carbon deposition is insignificant or less severe in a methanator. Therefore, this factor can be neglected. However, such problems must be accounted in reformers and pre-reformers.
As mentioned above, including a methanator after the fuel pump causes exothermic reformation of the syngas, which results in an increase in its temperature. The calculations show that the syngas temperature will be higher, after passing through the methanator, than the required temperature (650°C), as a result of which the anode preheater can be eliminated. Fig. 6 shows the final configuration when the anode preheater is replaced by a methanator. Table 5 shows the thermodynamic data for configuration 3 in terms of mass flow, temperature, pressure, and gas composition. The table provides the pressure losses assumed for the different components. It also presents the fuel cross flow (from the cathode to the anode), detailed gas composition calculations, as well as accuracy in mass and energy conservation. The numbers in the first column correspond to the stream numbers specified in Fig. 6 . 
Results and Discussion
The performances of the plant designs proposed above are summarized in Table 6 . In the table, configuration 1 refers to the basic configuration without the methanator, configuration 2 refers to the design that includes the methanator and the anode preheater, whereas configuration 3 is the final design that includes the methanator, but does not include the anode preheater. As shown in the table, the electrical efficiency of the final plant configuration is over 1% higher than the basic configuration. Electricity production by the SOFC is decreased, while power from the Stirling engine is increased and auxiliary power consumption is decreased, as a direct result of the inclusion of the methanator. Both space heating and hot water production will also decrease when a methanator is included. The presence of the anode preheater does not have a significant effect on the plant efficiency, power, and heat production. As shown in the table, the methanator provides two major benefits. Firstly, the amount of heat energy required to preheat the fuel will be reduced, resulting in a higher amount of heat available for the Stirling engine (through higher burner temperatures). Secondly, the compressor load decreases owing to the lower amount of cooling required for the fuel cell stacks to maintain the desired operating temperature. On the other hand, introducing the methanator decreases the amount of H2 in the fuel cell, which results in decreased cell voltage and power production.
Moreover, including the methanator and removing the anode preheater results in a decrease in the heat production (both space heating and DHW) by about 13 kW, which in turn causes the CHP efficiency to decrease from about 95% to 92%. 
Effect of MSW composition
The MSW composition can be changed depending on the waste type and the national recycling policy. In fact, the MSW composition could change daily and it may be interesting to investigate different MSW compositions feeding into the gasifier and study their effect on the plant performances. Therefore, various MSW compositions presented in the literature were studied and the results are shown in Table 7 . 
where HHV is the higher heating value. The moisture in MSW is provided in the corresponding references and H is the weight percentage of H2. HHV of the MSW is calculated from "Dulong" expression [22] as follows.
In 
where xi is the mass fraction of each component and cp,i is the specific heat capacity of each elementary component. The values for the specific heat capacity of each component are adopted from a prior report [44] , at 300K.
The calculation results are shown in Table 8 . As shown in the table, the electrical efficiency of the plant changes from ~43.6% to ~48.1%, depending on the MSW composition. The lowest plant efficiency is obtained with "waste 5", whereas the highest plant efficiency is achieved with "waste 1". The mean waste composition results in a plant efficiency of about 45.1%. In general, the plant efficiency is high when the SOFC cell efficiency is high and its current density is low. This can also be visually seen in Fig. 7 . As evident from the results obtained, the variation in the MSW composition does affect the power plant performance significantly. However, the MSW usually needs pre-treatment before being fed to the gasifier, which is not considered here. The final system performance may be affected overall by both the variation in composition as well as pre-treatment. Figure 7 . Plant efficiency versus cell voltage and current density with different compositions of municipal solid wastes.
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Effect of the Number of Stacks and Utilization Factor
Both the number of SOFC stacks and the utilization factor have a significant effect on the electrical efficiency of the plant. As discussed by Rokni [45] , increasing the number of stacks improves plant efficiency. The plant cost also directly depends on the number of stacks and therefore, the number of stacks should be chosen by taking into account the economy of the plant, in terms of either thermoeconomy or technoeconomy. Fig. 8 demonstrates this effect. For an SOFC utilization factor of 0.675, the electrical efficiency increases from ~45.1% to ~47.5% for 100 and 4000 stacks, respectively. The cell voltage correspondingly increases from 0.766 V to 0.816 V. Of course, it is uneconomical to design a plant with 4000 stacks when the power output is only 120 kW (Fig. 8a) . As can be seen in Fig. 8a , the plant efficiency as well as the cell voltage does increase significantly, when the number of stacks is greater than 1000.
Increasing the utilization factor to 0.8 also yields a similar trend (Fig. 8b) . The plant efficiency sharply increases from ~47.5% to ~48%, when the number of stacks is increased to about 3000. Further increase in the number of stacks does not have a significant influence on the plant efficiency. It is possible to reach an electrical efficiency of ~48.2% for 80000. stacks However, this would be uneconomical. Choosing about 150 or 160 stacks would be practically viable. Therefore, the number of stacks is set at 160 in the above calculations.
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Cell Figure 8 . Effect of number of stacks on the plant efficiency and cell voltage, for a utilization factor, UF, of (a) 0.675 and (b) 0.8.
Effect of Gasifier and SOFC Operating Temperature
The gasifier temperature cannot be controlled and may vary slightly during operation. Therefore, the gasifier temperature is assumed to vary between 750C and 850C, oscillating around 800C and the results are displayed in Fig. 9a . As seen in the figure, increasing the gasifier temperature decreases the plant efficiency and the net power slightly, owing to the change in the mole fraction of H2. By keeping the fuel mass flow constant and decreasing the gasifier operating temperature, the mole fraction of H2 decreases slightly, whereas the amounts of CH4 and CO remain essentially constant [46] .
Another important parameter that is worth investigating is the operating temperature of the SOFCs. In the current study, the operating temperature of the cells is assumed to be 780C, although other values could be chosen. The operating temperature of the SOFCs varies from 750C to 850C depending on the electrode type and the manufacturer. Some manufacturers are developing cells with low operating temperatures (such as 650C), as part of their next generation product lines. Therefore, the operating temperature of the cells is allowed to vary from 650C to 850C. As mentioned above, the inlet temperature of the cells is assumed to be lower than the average operating cell temperature. In this study, the difference between the SOFC operating temperature and the cathode inlet temperature is assumed to be 180C on the cathode side. However, owing to the inclusion of the methanator, the inlet temperature on the anode side remains unchanged and is at a high value of about 674C. For planar SOFCs, a large difference between the inlet temperature and the average operating temperature may cause cell fatigue, which would permanently damage the cells. It is therefore reasonable to decrease the inlet temperature at the same rate as the average cell temperature, as done in this study. The outlet temperatures of the cells are assumed to have the same values as the average cell operating temperatures. The results are shown in Fig. 9b . The plant efficiency and the net power increases with a decrease in the SOFC operating temperature reaching a maximum, beyond which it decreases. The temperature corresponding to the maximum is found to be 690C. The trend can be explained by the fact that when the operating temperature of the SOFC decreases, the cooling demand for keeping the cell temperature at the desired value also decreases, as a result of which the compressor power consumption decreases and the net power and efficiency increase. At a certain point, the cell operating temperature will be too low compared to the methanator temperature and therefore, the stack cooling demand would increase resulting in lower plant power and efficiency. Another reason is that at a fixed UF, increasing the cell voltage part of the chemical energy in the fuel results in additional electricity production and therefore, less heat will be released into the electrodes. Therefore, there would be less cooling demand (Fig. 10 ). 
SOFC operating temperature [C]
Cell voltage [V] Cathode fuel mass flow [kg/s]
Effect of Stirling Cooling Temperature
Other interesting parameters that are worth studying are the engine cooling temperature (engine cooler temperature difference) and the engine heater wall temperature. The engine cooling temperature may slightly change depending on the space heating demand, while the heater wall temperature depends mainly on the engine construction and the corresponding heat exchanger design.
The default engine cooling temperature is assumed to be 60C in this study. The effect of temperature change on the engine power and plant efficiency is presented in Fig. 11a . Note that both the cooling temperature and the cooler temperature difference are changed simultaneously in the simulations. The cooling temperature is varied slightly from 55C to 60C, to study its effect on the plant performance. As expected, decreasing the cooling temperature increases the engine power slightly and the plant efficiency marginally. The engine power decreases by about 1 kW for a 5C increase in the cooling temperature.
The wall temperature for the engine's heater cannot be changed or controlled and depends entirely on the engine heat exchanger design. Depending on the manufacturer and the material choice, this temperature may be somewhat different from the desired (design or default) value. Thus, its effect on engine power and consequently, the plant efficiency may be interesting, as shown in Fig. 11b . As mentioned previously, the heater wall temperature is assumed to be 600C. Reducing this temperature decreases the engine power as well as the plant efficiency slightly. There also appears to be an optimum wall temperature at which the plant engine power is maximized. However, finding the optimum wall temperature is out of the scope of this study, because a large temperature deviation from the design point (600C) will change the engine characteristics completely and the other engine parameters, as a consequence. Figure 11 . Effect of Stirling engine cooling temperature difference (a) and wall surface temperature (b), on plant efficiency and engine power.
Conclusions
An integrated MSW gasification unit combined with an SOFC and a Stirling engine for application as a decentralized CHP plant with a 120 kW electric power capacity was thermodynamically analyzed. A plant electrical efficiency of up to 48% and a CPH efficiency of up to 95% can be achieved, depending on the plant design and the MSW composition. Introducing a methanator after syngas generation offers two main advantages. Firstly, the air compressor workload decreases owing to a lowered cooling requirement for SOFC stacks. Secondly, less heat is needed to preheat the incoming fuel to the SOFC, offering higher heat availability for the bottoming cycle, resulting in an increase in its electric power production. Despite a lower fuel cell voltage, the plant electrical efficiency increases by using a methanator. Different MSW compositions provide different plant efficiencies, ranging from 43% to 48%. Seven different MSW compositions were used in the simulations and 19 different MSW compositions were screened to determine a mean composition and study its effect on the plant performance. A 45% electrical efficiency was achieved for the mean composition. Further, increasing the gasifier temperature decreased the plant efficiency, owing to a change in the mole fractions of the gas components in the gasifier. However, the maximum plant efficiency was
